Dendrites are highly complex 3D structures that define neuronal morphology and connectivity and are the predominant sites for synaptic input. Defects in dendritic structure are highly consistent correlates of brain diseases. However, the precise consequences of dendritic structure defects for neuronal function and behavioral performance remain unknown. Here we probe dendritic function by using genetic tools to selectively abolish dendrites in identified Drosophila wing motoneurons without affecting other neuronal properties. We find that these motoneuron dendrites are unexpectedly dispensable for synaptic targeting, qualitatively normal neuronal activity patterns during behavior, and basic behavioral performance. However, significant performance deficits in sophisticated motor behaviors, such as flight altitude control and switching between discrete courtship song elements, scale with the degree of dendritic defect. To our knowledge, our observations provide the first direct evidence that complex dendrite architecture is critically required for fine-tuning and adaptability within robust, evolutionarily constrained behavioral programs that are vital for mating success and survival. We speculate that the observed scaling of performance deficits with the degree of structural defect is consistent with gradual increases in intellectual disability during continuously advancing structural deficiencies in progressive neurological disorders.
Dendrites are highly complex 3D structures that define neuronal morphology and connectivity and are the predominant sites for synaptic input. Defects in dendritic structure are highly consistent correlates of brain diseases. However, the precise consequences of dendritic structure defects for neuronal function and behavioral performance remain unknown. Here we probe dendritic function by using genetic tools to selectively abolish dendrites in identified Drosophila wing motoneurons without affecting other neuronal properties. We find that these motoneuron dendrites are unexpectedly dispensable for synaptic targeting, qualitatively normal neuronal activity patterns during behavior, and basic behavioral performance. However, significant performance deficits in sophisticated motor behaviors, such as flight altitude control and switching between discrete courtship song elements, scale with the degree of dendritic defect. To our knowledge, our observations provide the first direct evidence that complex dendrite architecture is critically required for fine-tuning and adaptability within robust, evolutionarily constrained behavioral programs that are vital for mating success and survival. We speculate that the observed scaling of performance deficits with the degree of structural defect is consistent with gradual increases in intellectual disability during continuously advancing structural deficiencies in progressive neurological disorders.
dendrite | synapse | motor behavior | courtship | Drosophila D endrites are structural ramifications of a neuron specialized for receiving and processing synaptic input (1). The estimated 100 billion neurons in the human brain (2) form approximately 100 trillion synapses onto a total of approximately 100,000 miles of dendritic cable. The functions of dendrites are proposed to range from simply providing enough surface for synaptic input (3) to highly compartmentalized units of molecular signaling and information processing (4) (5) (6) . In addition to functioning as passive receivers, dendrites may be equipped with output synapses (7) and active membrane currents (8) , which add tremendous computational power to a single neuron (6, 9, 10) . Accordingly, dendritic abnormalities are highly consistent anatomical correlates of numerous brain disorders (11, 12) , including autism spectrum disorders, Alzheimer's disease, schizophrenia, Down syndrome, Fragile X syndrome, Rett syndrome, anxiety, and depression. However, in many cases it remains unclear whether dendritic defects are the cause or the consequence of impaired brain function. Trying to understand dendrite function poses major technical challenges because it requires selective manipulation of dendritic structure without disturbing other properties of the affected neuron, followed by quantitative analysis of neuronal function and the resulting behavioral consequences.
This study uses the Drosophila genetic model system to selectively abolish dendrites from a subset of identified wing muscle motoneurons that have well-described and stereotyped dendritic morphologies (13) and firing patterns during flight (14) and courtship song (15, 16) . Surprisingly, we find that motoneurons that lack 90% of their dendrites are still contacted by appropriate synaptic partners and produce qualitatively normal firing patterns and wing movements during flight and courtship song. However, normal dendritic architecture is essential for particularly challenging tasks, such as the integration of optomotor input for adequate control of flight power output, or the temporal accuracy of switching between different song elements during courtship to ensure mating success. Our data demonstrate that the vast majority of basic motor functions can be satisfactorily accomplished with motoneurons that have significant dendritic defects but normal axonal structure and membrane currents. However, a complex 3D dendritic architecture is mandatory for intricate regulation of behavioral output, which in turn imposes a positive selection pressure on the maintenance of such complex dendritic trees through evolution.
Results and Discussion
Drosophila wing movements during flight and the male courtship song are powered by stretch-activated, asynchronous flight muscles. Wing depression is mediated by the dorsal longitudinal flight muscle (DLM), consisting of six muscle fibers, which are innervated by five motoneurons, MN1-5 ( Fig. 1A ) (17) , for which firing patterns and function are well known and can be recorded in vivo during restrained flight (14, 18) . We have described the dendritic structure (19) (20) (21) and membrane properties (19, 22, 23) of one such neuron, MN5, in particular detail. MN5 is a unipolar neuron with its soma contralateral to the DLM target muscle ( Fig. 1 A and B) . All dendrites branch off a primary neurite that merges into the axon further distally (Fig. 1B) . MN5 can be unambiguously identified from animal to animal and displays a stereotyped dendritic morphology comprising a total length of 6,500 μm and >4,000 branches (13) . Dendritic architecture is tightly regulated during development by steroid hormones (24) , calcium signaling (25) , neural activity (19, 20) , and cell surface signals (26) . We have previously shown that the Significance Approximately 100 billion neurons in our brain form 100 trillion synapses onto 100,000 miles of dendritic cable. Accordingly, dendritic defects are consistent anatomical correlates of numerous brain diseases, but specific causality remains unproven. Here we genetically remove dendrites in Drosophila motoneurons, followed by analysis of functional outcomes. We find that dendrites are surprisingly dispensable for basic nervous system function and simple behavioral tasks. By contrast, highly complex dendritic architecture is required for adaptive refinement of sophisticated motor tasks that are vital for survival and reproduction. Here the degree of dendritic defect scales with the degree of performance deficit. We postulate that during evolution the maintenance of complex dendritic structure is under high selective pressure.
Down syndrome cell adhesion molecule 1, Dscam1, is required cell-intrinsically for normal dendrite formation during development (26) . Targeted RNAi knock down of Dscam1 in MN1-5 (Experimental Procedures) always causes one of two distinctly different dendritic defects. In 60% of all preparations it abolishes more than 90% of all dendrites and leaves the primary neurite decorated with lamellipodia-like structures (Fig. 1C ) (26) . In the remaining 40% of all preparations it reduces dendritic length and branching to 50% of controls (26) (see Fig. 3B ). In this study we have determined the degree of dendritic defects in each experiment by intracellular dye filling.
Selective Manipulation of Neuronal Dendrites. In the first set of experiments we show that 90% of all wing depressor motoneuron dendrites can be selectively abolished by targeted Dscam1 RNAi knock down without affecting other properties of these neurons. The axon terminals of MN1-5 branch in a stereotyped fashion over the DLM target muscle, with MN1-4 innervating the four ventral-most fibers and MN5 innervating DLM fibers 5 and 6 (Fig. 1D) . Innervation of all six DLM fibers by MN1-5, and axon collateral sprouting are similar in controls (Fig. 1E , n = 8) and after 90% dendrite elimination via Dscam1 knockdown (Fig. 1F , n = 8). To test for potential defects in action potential propagation or neuromuscular transmission, we used the welldescribed escape response circuit of Drosophila (27) . In this circuit visual information is transmitted to the giant fiber interneuron that synapses onto the peripherally synapsing interneuron (PSI) in the thoracic ganglion, which in turn synapses directly onto the axon of MN5, thus bypassing all dendrites (Fig.  1G ). Electrical stimulation of the giant fiber interneuron reliably elicits action potentials in the axon of MN5, which in turn are transmitted to the DLM target muscle. In this fast escape circuit the delay between giant fiber stimulation and muscle potential is 1.85 ± 0.21 ms (Fig. 1H ) and remains unaltered in motoneurons with significant dendritic defects ( Fig. 1 H and I) . Therefore, the speed of action potential propagation, synaptic transmission from PSI to the motoneuron axon, and neuromuscular transmission remain normal. Similarly, reliability of signal transmission through this circuit is not altered after 90% dendrite removal in motoneurons: refractory period (Fig. 1J ) and muscle following frequency at high-frequency stimulation remain as in controls ( Fig. 1 K and L) .
Furthermore, even with severe dendritic defects, MN5 ionic currents remain qualitatively normal. In controls, and after elimination of 90% of all dendrites, MN5 displays low-( Fig. 1 M  and N) and high-voltage activated calcium currents ( Fig. 1 M and O; note that the dendritic phenotypes were confirmed in each voltage clamp experiment by dye filling). Current amplitudes of both calcium currents as recorded from the soma are larger after Dscam1 knockdown-induced dendritic defects compared with controls ( Fig. 1P) . This is expected, because MN5 displays dendritic calcium currents that are partially hidden to somatic voltage clamp recordings by space clamp limitations in control neurons (23) . Similarly, sustained outward potassium currents are qualitatively normal in MN5 with Dscam1 RNAi-induced dendritic defects (Fig. 1R ). Again, current amplitude as recorded from the soma is larger in neurons with dendritic defects (Fig.  1S ). By contrast, the transient A type-like potassium current is qualitatively and quantitatively normal in MN5 with severe dendritic defects ( Fig. 1 Q and S). Axonal currents are expected to display normal amplitudes in neurons with dendritic defects, and transient Shaker A-type potassium channels are localized to the axon of MN5 (22) . Therefore, all currents measured are qualitatively identical to controls after Dscam1 knockdown. Ionic currents mediated by channels with predicted dendritic localization are of larger amplitude in motoneurons with reduced dendrites, as expected with increased space clamp control in smaller neurons with less-complex dendrites.
Although Dscam1 is required cell autonomously for flight motoneuron dendritic growth (26), our GAL4 expression system (see Methods) also causes some RNAi expression in nonidentified neurons in the brain. Therefore, we conducted additional behavioral tests to control for possible nonspecific effects of our manipulation in other brain regions. Animals displayed normal positive phototaxis (Fig. 1T) , as well as negative geotaxis responses ( Fig. 1U ), including normal climbing speeds.
In summary, targeted Dscam1 RNAi knockdown in wing MN1-5 selectively eliminates dendrites without affecting axonal branching, neuromuscular transmission, action potential propagation, synaptic transmission onto motoneuron axons, or ion channel expression, thus allowing us to specifically probe the roles of dendritic arborization for motoneuron function.
Flight Without Wing Depressor Motoneuron Dendrites. We used a tethered flight assay (28) to test motor performance in animals with defective dendrites in wing depressor motoneurons ( Fig.  2A) . To our surprise no obvious flight defects were observed. Even animals with a 90% reduction of depressor motoneuron dendrites were able to fly, although they show slightly but significantly reduced flight durations in this assay (Fig. 2B ). Flight and dendritic phenotypes were directly correlated in our experiments: defects in dendrite branching were confirmed by intracellular dye fills after each behavioral experiment. Flight initiation likelihood as measured by the number of subsequent flight bouts that can be induced by wind stimuli to the head (Fig. 2C ) and the mean flight bout duration (Fig. 2D) were not altered significantly.
Nearly normal tethered flight patterns in manipulated animals indicate that depressor motoneurons with severe dendritic structure defects might still receive synaptic input from the central pattern-generating network. To directly visualize potential synaptic inputs to motoneurons with defective dendrites, we next tested whether presynaptic markers would localize to the lamellipodialike structures that decorate the MN5 primary neurite after Dscam1 RNAi-induced dendrite elimination (Fig. 2E) . As a presynaptic marker, we use immunolabeling against the active zone protein Bruchpilot, Brp (29) . Single optical sections reveal that many labeled active zones of unidentified presynaptic terminals localize precisely to the edges of these lamellipodia-like structures on the motoneuron primary neurite (Fig. 2E) . By contrast, the primary neurite and the neuropil region just outside these structures are devoid of Brp-positive label. Colocalization analysis of single optical sections from eight preparations revealed a fivefold higher pixel density for Brp-positive pixels colabeled with MN5 lamellipodia-like structures compared with neuropil regions within 1-μm distance, indicating that presynaptic neurons target lamellipodialike structures in motoneurons with defective dendrites. However, confocal microscopy does not provide sufficient spatial resolution to unambiguously identify synaptic inputs in situ. Therefore, additional physiological experiments were conducted. Normally MN5 receives excitatory drive via the Dα7 nicotinic ACh receptor and inhibitory GABAergic input via the Rdl GABA A receptor (21, 30) . Picospritzing the cholinergic agonist nicotine into the flight neuropil reliably evokes postsynaptic potentials as recorded from the motoneuron somata, both in controls (Fig. 2F , n = 14) and in manipulated motoneurons that lack more than 90% of their dendrites (Fig. 2G, n = 14) . Somatic postsynaptic potentials (PSPs) were slightly sharper and of larger amplitude compared with controls ( Fig. 2 H and I) , as expected with signal attenuation and broadening being larger in neurons with complex dendrites, where synaptic sites are more distant from the recording location. Similarly, picospritzing GABA into the flight motor neuropil evokes hyperpolarizing postsynaptic potentials in MN5, both in controls (Fig. 2J , n = 12) and with 90% dendrite reduction (Fig.  2K, n = 12) . Without dendrites somatic inhibitory postsynaptic potentials (IPSPs) were of larger amplitude compared with controls ( Fig. 2 L and M) , likely owing to reduced signal attenuation. Finally, action potentials can be evoked by injections of nicotine into the flight neuropil in controls and in manipulated animals ( Fig. 2 N and O) . Together, these data indicate that wing motoneurons that lack more than 90% of all dendrites still receive enough inhibitory and excitatory synaptic inputs to evoke normal action potentials. Note that lamellipodia-like structures that remain in motoneurons with 90% dendrite loss never cover the normal dendritic territory of these motoneurons ( Fig. 1 A and C) , meaning that potential presynaptic partners must adjust their growth patterns to reach postsynaptic motoneurons. These observations are comparable to mouse retina, where DSCAMs are required for normal neuron spacing and dendrite development but are not essential for synaptic specificity (31) .
Dendrites and Flight Altitude Control. Drosophila flight is powered by asynchronous muscles, so that wing power muscle contractions are not synchronized with motoneuron action potentials (32). Instead, alternating elevator and depressor muscle contractions are initiated at approximately 200 Hz frequency by antagonistic stretch activation, and wing motoneurons fire tonically at frequencies of 4-20 Hz to fuel the muscle with intracellular calcium (33) . Adjustments of intramuscular calcium and power output are generated by changes in tonic motoneuron firing frequencies (34) . Therefore, wing depressor motoneurons fuel the flight motor but are not critical for wing beat coordination. However, genetic ablation of wing depressor motoneurons (n = 12) or silencing by inwardly rectifying K ir channel expression completely abolish the animals' ability to fly (n = 8), demonstrating that asynchronous flight requires depressor motoneuron activity. To test whether synaptic drive from the central motor networks elicits normal firing patterns in these motoneurons during flight, we next recorded MN5 firing patterns with fine tungsten wires from its target muscle fiber in vivo during tethered flight. Each extracellular muscle fiber potential corresponds to one MN5 action potential. These experiments are designed to correlate different degrees of dendritic defects to motoneuron performance. As stated above, Dscam1 RNAi knockdown can induce either a reduction of wing depressor motoneuron dendrites by approximately 50% (Fig. 3B) or by more than 90% (Fig. 3C ) (26) . In each animal tested, MN5 was first recorded in vivo during tethered flight and then filled intracellularly to determine the degree of dendritic defect. Independent of the severity of the dendritic phenotype, flight can be initiated by a wind stimulus to the head, and MN5 fires tonically throughout the duration of the flight bout (Fig. 3 E-G) . However, reductions of MN5 dendritic length scale with decreases in firing frequency (Fig. 3 D-G ) and spike time precision (Fig. 3H) . The most parsimonious explanation is that more dendritic cable allows for more synaptic input, and the more synaptic input the motoneurons receive, the higher are the resulting firing frequency and temporal precision within bouts of tonic firing. Nevertheless, even with reductions in wing depressor motoneuron dendrite cable by more than 90%, animals are able to fly relatively normally. Because animals do not have to support their own weight in tethered flight, we next tested whether normal dendritic architecture is needed for more challenging flight tasks. We presented the animals with vertical oscillations of a horizontal stripe pattern (Fig. 3L) . As reported previously (34) , control flies increase motoneuron firing frequencies, and thus thrust and lift, in response to rising stripes, which deceive the animal into the illusion of losing altitude. Conversely, decreased motoneuron firing frequencies are observed in response to falling stripes ( Fig.  3 I and M) . This translation of optomotor input into adaptive changes of motoneuron firing frequencies is still observed in animals with moderate dendritic defects ( Fig. 3 J and N ; 50% reduction) and to some degree even with severe dendritic defects ( Fig. 3 K and O) . However, the larger the dendritic architecture defect, the lower the impact of optomotor input on changes in motoneuron firing frequency, and the longer it takes to modulate motoneuron firing frequency (Fig. 3P) . Therefore, the ability to adequately adjust flight muscle power input to the illusion of flight altitude changes decreases with increased severity of motoneuron dendritic structure defects.
In summary, at least for basic performance, complex dendritic structure seems surprisingly dispensable. Despite quantitative decreases in response amplitude and speed, motoneuron responses to optomotor input are qualitatively normal even without any normally branched dendrites (Fig. 3 K, O, and P) .
Dendrites Are Needed for Successful Love Song. Wing depressor motoneurons are also needed to power wing downstroke during male courtship song, a motor behavior that is required to attract females during the Drosophila mating ritual (16) . During this behavior the male orients toward the female, spreads out one wing (Fig. 4A) , and produces a species-specific sound pattern that consists of two elements. First, low amplitude up and down movements of the wing of approximately 160-Hz frequency (sine song), and second, bouts of large-amplitude wing strokes that occur with a species-specific interpulse interval (IPI) that lasts approximately 34 ms in Drosophila melanogaster (pulse song). Both sine and pulse song can be recorded with a microphone and are qualitatively identical in control flies (Fig. 4B) , flies with a 50% reduction in wing depressor motoneuron dendrites (Fig.  4C) , and flies that lack more than 90% of all wing motoneuron dendrites (Fig. 4D) . However, although male flies with defective wing depressor motoneuron dendrites can produce orderly sine and pulse song elements (Fig. 4 B-D) , their mating success (L) Presenting vertically moving stripes simulates rising (downward stripes) or decreasing (upward stripes) flight altitude, resulting in MN5 firing frequency modulations in control flies (I). These also occur with a 50% dendrite reduction (J) but are strongly reduced with 90% dendrites absent (K). (M-O) Mean firing frequency modulations (eight animals per group) during downs (gray) and ups (white); M, control; N, 50% dendrite reduction; O, 90% dendrite reduction. ΔF signifies maximum frequency modulations and Δt the durations between minimum and maximum frequencies. (P) ΔF is significantly reduced only with a reduction in dendrites by more than 90%. Δt scales significantly with the dendritic defect severity (ANOVA, Newman Keuls post hoc test, P ≤ 0.05).
within 20 min decreases significantly and scales with the severity of the dendritic phenotype, with 96% success in controls, 64% success with 50% dendritic length reduction, and 21% success with 90% dendritic length reduction (Fig. 4E ). If males with genetically abolished wing motoneuron dendrites are successful in mating they require significantly more time to attract the female, and this duration again scales with the severity of the dendritic phenotype (Fig. 4F ). This reduction in mating success is not caused by less song production: all test groups spend similar periods of time singing once presented with a female (Fig. 4G) . Additionally, the structure within each of both song elements, pulse song (Fig. 4H ) and sine song (Fig. 4I ), is identical with or without wing motoneuron dendrites. This is consistent with recent findings that motoneurons to direct wing muscles, other than the wing depressor motoneurons, are required for the initiation of either sine or pulse songs (35) . However, wing depressor motoneurons are recruited at low frequencies during sine song elements and switch to higher firing frequencies during pulse song (15) to fuel the wing power muscle. Dendritic defects in wing depressor motoneurons (Fig. 4 B-D) cause increases in the duration of sine song elements (Fig. 4J ), which scale with the severity of the dendritic defect. This in turn reverses the sine-topulse song ratio (Fig. 4K) . Controls with 96% mating success sang approximately 40% sine song and 60% pulse song, whereas animals with moderate dendritic defects in wing depressor motoneurons sang approximately 55% sine song and showed 64% mating success. Severe dendritic defects resulted in 70% sine song and less than 25% mating success. Wild-type flies dynamically modulate song structure, including sine to pulse song ratios, in response to different sensory experience during the mating ritual (36) . We show that complex dendritic architecture in wing depressor motoneurons is required to adequately perform such adjustments and ensure mating success. Reduced dendritic surface impairs the ability to quickly modulate motoneuron firing frequency as needed for switching from sine to pulse song (15) . This is consistent with the decreased ability to rapidly modulate firing frequency in response to optomotor input for altitude control during flight (Fig. 3 I-P) .
In conclusion, our data demonstrate that complex dendritic architecture is dispensable for synaptic partner matching, because motoneurons with abnormal dendrites receive synaptic input that suffices to produce qualitatively normal firing patterns during behavior. This is consistent with recent findings in mouse retina whereby DSCAM is required for normal structural organization but not for appropriate synaptic wiring (31) . A possible explanation is that cues for synaptic partner recognition are set by neuronal identity, and presynaptic contacts end up elsewhere in the neuronal membrane if dendrites are absent. However, significant decreases in dendritic length strongly reduce the surface available for synaptic input. In larval Drosophila motoneurons developmental arrest of dendrite growth correlates with decreased synaptic input (37) . Accordingly, we found that impairments in adjusting neuronal firing frequency and motor performance scale with the amount of reduced dendritic surface. We speculate that a similar relationship underlies gradual increases in intellectual disability during mammalian/human development and during continuously advancing structural deficiencies in progressive neurological disorders (12, 38) . Scaling of firing frequency and spike time scatter with the degree of dendritic defect are in accordance with the hypothesis that wing power motoneurons translate the integrated amount of tonic excitation into tonic firing frequencies, as was previously proposed (14) . At least for this operational mode of wing depressor motoneurons, basic function is qualitatively normal even with severe dendritic defects. Similarly, basic network dynamics is often recapitulated in models without morphology (39) . However, our data demonstrate a high positive selection pressure on expensive dendritic architectures with more than 6 mm of total length even for neurons that do not rely on high spike time precision or other delicate dendritic computation. Evolutionarily important functions, such as appropriate flight power output control and high mating success, require the full complexity of the dendritic arbor.
Experimental Procedures
Animals. Drosophila melanogaster were reared in 68-mL vials on a standard yeast corn meal medium at 25°C, with a 12-h light/dark regimen and 60% humidity (19) . Flies were used 1-2 d after eclosion (for courtship 2 d after eclosion). We used the binary GAL4/UAS expression system to express transgenes (40) . As previously described (20) , C380-GAL4, UAS-mCD8::GFP;; Cha-GAL80 was used to restrict transgene expression to a subset of wing depressor motoneurons and some additional unidentified neurons. The Cha-GAL80 transgene inhibited expression in unidentified cholinergic interneurons, leaving expression in approximately 30 neurons per segment in the ventral nerve cord (41) . To knock down Dscam1, male UAS-Dscam RNAi transgenic flies (VDRC, Vienna Drosophila RNAi Center, 36233) were crossed to female C380-GAL4, UAS-mCD8::GFP;; Cha-GAL80 flies. We have previously shown (26) that two additional different UAS-Dscam RNAi transgenes yielded similar results (VDRC, fly stock numbers 108835 and 25623). In all experiments UAS-Dcr2 (Bloomington 24650) was coexpressed with UASDscam1 RNAi to enhance transgenic RNAi effects (42) as reported previously (26) . As controls, C380-GAL4, UAS-mCD8::GFP;; Cha-GAL80 females were crossed either to UAS-Dcr2 males (control 1 for possible effects of the UASDcr2 construct alone) or to w 1118 males (control 2 for the genetic background for the UAS-RNAi fly lines). The w − mutation on the X-chromosome of w 1118 is of no concern because it is not inherited by the experimental male progeny (which carries a wild-type white gene on X).
Intracellular Staining, Immunocytochemistry, and Image Acquisition. Adult flies were dissected to dye fill identified motoneurons with sharp electrodes and processed as described previously (19) . We used anti Bruchpilot (29) , Brp (nc82; DSHB, IA) to label Brp protein localized to presynaptic active zones, Summing up all sine and pulse song bouts reveals a statistically significant increase of the sine to pulse song ratio with 50% dendrite reduction compared with controls. In animals with 90% reduction of wing motoneuron dendrites the sine to pulse song ratio is significantly further increased (Kruskal Wallis ANOVA with post hoc U tests).
as described previously (41) . Stacks of optical sections with 0.3-μm thickness and 1,024 × 1,024-pixel resolution were acquired using a Leica TCS SP8 confocal laser scanning microscope with a 40× oil-immersion, 1.2 numerical aperture lens.
Electrophysiology. In situ patch clamp recordings of identified motoneurons were conducted as previously described (22, 23) . Giant fiber (GF) stimulation and extracellular tungsten electrode recordings from identified wing depressor muscle fibers were conducted as previously described (43) . MN5 firing activity was recorded in vivo during restrained flight with a sharpened tungsten electrode (diameter 100 μm) from the DLM flight muscle. Spike time precision error was defined as the percentage deviation from identical interspike time intervals during tonic firing. Expected time points for each MN5 spike were calculated from the average MN5 firing frequency. For each recorded spike the time difference from this expected time point was measured, averaged over all spikes of the bout, and normalized to the average expected spike time interval. Four parameters were measured after GF stimulation. Latency was measured as the average duration from 10 animals in each group between GF stimulation artifact and onset of DLM response (Fig. 1H) . Refractory period is the minimal duration between two subsequent GF stimulations that result in two subsequent DLM fiber responses. The interval between GF stimuli was decreased in 0.1-ms increments starting with 6 ms. Experiments were repeated in 10 animals for each experimental group and averaged. Following frequencies is defined as the maximum frequencies at which all GF stimuli of a 10-stimuli bout result in muscle response (Fig. 1K) . Following frequency 50% is defined as the frequency at which 50% of all GF stimuli result in a muscle response. Both were determined by increasing stimulation frequency from 100 Hz in 10-Hz increments.
Behavioral Testing. Tethered flight experiments were conducted as previously reported (28) . Courtship song was recorded with a custom-built microphone, and sound tracks were digitized with a Digidata 1320A and analyzed with pClamp10.4 (Molecular Devices) and Spike 2 software (Cambridge Electronic Design). For courtship song recordings and analysis of mating success, single pairs of previously isolated 2-d-old virgin female and virgin male flies were placed into a Plexiglas chamber of 1-cm diameter and 3-mm height that was placed directly on top of the microphone. For phototaxis flies were given 20 s to choose to enter either an illuminated or a dark tube (1 cm in diameter) at a T-joint. Flies were assessed in two trials separated by 10 min of rest. Performance was calculated as the percentage of flies collected from the illuminated arm (Fig. 1T ). For geotaxis, five male flies were transferred into a plastic tube (1-cm diameter, 12-cm length). After a 1-min acclimation period, flies were tapped to the ground to then record the number of flies that climbed beyond the 8-cm mark within 10 s. Flies were assessed in 10 consecutive trials separated by 15 s of rest. Performance is the percentage of flies passing the 8-cm mark averaged over 10 sessions (10 groups of five flies per genotype).
Statistical Analysis. All statistical analysis was conducted with SPSS 22 (IBM). Kruskal-Wallis ANOVA was used for nonparametric data and Mann-Whitney U test for between-group post hoc comparisons. For parametric data ANOVA with Newman Keuls and Scheffé post hoc comparisons was used. Statistical significance was defined as **P < 0.01; *P < 0.05.
